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Agonist-dependent desensitization and internalization of G protein-
coupled receptors (GPCR) are mediated by the binding of arrestins to
phosphorylated receptors. The affinity of arrestins for the phosphor-
ylated GPCR regulates the ability of the internalized receptor to be
dephosphorylated and recycled back to the plasma membrane. In
this study, we show that the naturally occurring loss of function
vasopressin receptor mutation R137H, which is associated with fa-
milial nephrogenic diabetes insipidus, induces constitutive arrestin-
mediated desensitization. In contrast to the wild-type vasopressin
receptor, the nonsignaling R137H receptor is phosphorylated and
sequestered in arrestin-associated intracellular vesicles even in the
absence of agonist. Eliminating molecular determinants on the re-
ceptor that promote high affinity arrestin–receptor interaction rees-
tablishes plasma membrane localization and the ability of the mu-
tated receptors to signal. These findings suggest that unregulated
desensitization can contribute to the etiology of a GPCR-based dis-
ease, implying that pharmacological targeting of GPCR desensitiza-
tion may be therapeutically beneficial.

The G protein-coupled receptors (GPCRs) are plasma-
membrane proteins that initiate intracellular signaling cas-

cades by binding extracellular ligands (1, 2). GPCRs regulate
many physiological processes, including vision, taste, cardiovas-
cular function, and water balance, while sharing a number of
common structural features. They contain seven transmembrane
domains bridged by alternating intracellular and extracellular
loops and an intracellular C-terminal of variable length. The
intracellular loops bind the G proteins that activate effectors,
which generate second messengers. Intracellular domains, par-
ticularly at the C termini, are phosphorylated by G protein-
coupled receptor kinases (GRKs) in an agonist-dependent fash-
ion (1, 2). Arrestin proteins then preferentially bind the GRK-
phosphorylated receptors (3, 4), preventing them from activating
G proteins (1).

The increased affinity of activated receptors for arrestins
results in the observable translocation of arrestins from the cell
cytosol to the plasma membrane, frequently followed by clath-
rin-coated pit internalization of the arrestin-bound receptors
(5–9). Arrestin translocation has been visualized by using fusion
proteins of green fluorescent protein (GFP) homologues and an
arrestin family member (visual arrestin, barrestin1 and barres-
tin2) for numerous GPCRs including the angiotensin, neuroki-
nin, thyrotropin-releasing hormone, and human vasopressin type
II receptors (V2R) (5, 6, 10–12). These four receptors are
representative of a larger class of GPCRs that form stable
endocytic complexes with arrestins for extended periods (11). In
particular, in the V2R, a cluster of GRK-phosphorylated serines
in the C-tail regulates this high affinity interaction, which in turn
influences the magnitude of V2R internalization and its rate of
resensitization (11, 13).

An inability of the V2R to respond to arginine vasopressin
(AVP) with the production of cAMP leads to a loss of the
kidney’s ability to concentrate urine and results in the water-
losing syndrome nephrogenic diabetes insipidus (NDI; refs. 14
and 15). A variety of mutations in the V2R resulting in abnormal

ligand binding, G protein coupling, and receptor trafficking have
been associated with NDI (16–18). One of the first-characterized
naturally occurring mutations of the V2R associated with NDI
was a substitution of arginine 137 by histidine, V2R(R137H) (14,
18–20). Arginine 137 is found at the cytoplasmic end of trans-
membrane III in a highly conserved GPCR motif (DRYyH)
(21). The assumed molecular basis for V2R(R137H) NDI is the
inability of ligand-bound receptor to activate G proteins (19, 20).
However, an analogous mutation engineered in the equivalent
ERY motif of rhodopsin (R135A or L) resulted in increased
rhodopsin affinity for rhodopsin kinase and visual arrestin (22).
Therefore, we hypothesized that the apparent loss of function in
the V2R(R137H) mutant might result from its increased inter-
action with arrestins. In this study, we demonstrate that the
V2R(R137H) interacts with barrestins in the absence of agonist
and that this constitutive interaction underlies its phenotypic
properties. These findings provide an example of a naturally
occurring GPCR signaling defect that can be attributed to a
constitutively desensitized receptor.

Experimental Procedures
Materials. Arginine vasopressin was obtained from Sigma, and
[3H]AVP was from Amersham Pharmacia. HEK-293 cells were
from the American Type Culture Collection, and cell culture
reagents were from Life Technologies (Rockville, MD) and
Cellco (Kensington, MD).

Plasmids and Constructs. The N-terminal hemagglutinin (HA)-
tagged V2R, the V2R(Ala6), and the V2R(T362) were expressed
in pcDNA3.1yzeo (11), and their R137H analogues were ex-
pressed in pEGFP-N3 (CLONTECH) with stop codons intact
using SacIySalI restriction sites. The GFP conjugates of the V2R
and V2R(R137H) were generated by PCR and inserted in frame
at the XhoIySalI and SacIySalI restriction sites of pEGFP-N3,
respectively. barrestin2-GFP (S65T) was constructed as de-
scribed (23).

Cell Culture and Transfection. HEK-293 cells were grown in Eagle’s
MEM with Earle’s salt (MEM) supplemented with 10% (voly
vol) FBS and a 1:100 dilution of penicillinystreptomycin (Sigma).
Cells were transiently transfected with plasmid cDNA using a
modified calcium phosphate coprecipitation method (24).

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: AVP, arginine vasopressin; GFP, green fluorescent protein; GPCR, G protein-
coupled receptor; GRK, G protein-coupled receptor kinase; NDI, nephrogenic diabetes
insipidus; V2R, human vasopressin receptor; HA, hemagglutinin.

*To whom reprint requests should be addressed at: Howard Hughes Medical Institute
Laboratories and Departments of Cell Biology and Medicine, Duke University Medical
Center, Box 3287, Durham, NC 27710. E-mail: caron002@mc.duke.edu.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

Article published online before print: Proc. Natl. Acad. Sci. USA, 10.1073ypnas.011303698.
Article and publication date are at www.pnas.orgycgiydoiy10.1073ypnas.011303698

PNAS u January 2, 2001 u vol. 98 u no. 1 u 93–98

BI
O

CH
EM

IS
TR

Y



Receptor Binding and Adenylyl Cyclase Assays. HEK-293 cells
plated into 12-well Falcon dishes were washed twice in cold
MEM, incubated for 30 min with a 250-ml solution of 2% BSA
in 4°C MEM containing [3H]AVP, and washed three times
with cold MEMyBSA; then, the cell-bound [3H]AVP was
extracted with 250 ml of 0.5 M NaOH in PBS, neutralized with
HCl, and measured using a liquid scintillation counter.
Nonspecific binding was determined in the presence of a
100-fold excess of cold AVP. cAMP production in intact
HEK-293 cells containing V2R variants was measured as
described (24).

Confocal Microscopy. HEK-293 cells were plated on the day
following transfection onto collagen-treated 35-mm glass-
bottom culture dishes (Sigma). Confocal microscopy was per-
formed with a Zeiss laser-scanning microscope (LSM-510). GFP
images were collected using 488-nm argon excitation and a
505-nm long-pass filter.

Antibody Labeling. Live cells were incubated at room temperature
with a 1:100 dilution of rhodamine-tagged anti-HA mouse
monoclonal antibody (Boehringer Mannheim) in a 2% BSAy
MEM solution with 10 mM Hepes for 40 min and then washed
three times in MEMyHepes.

Whole Cell Phosphorylation. Receptor phosphorylation was per-
formed essentially as described (11). Equivalent amounts of
receptor in each sample, as determined by [3H]AVP binding on
whole cells, were subjected to SDSyPAGE.

Receptor Immunoprecipitation and Western Blotting. HEK-293 cells
were stimulated with or without AVP for 10 min, washed with
ice-cold PBS, scraped into precipitation buffer (11), and solu-
bilized for 1 h at 4°C. After centrifugation, supernatants were
collected, and HA-tagged receptors were immunoprecipitated at
4°C using the anti-HA 12CA5 mouse monoclonal antibody
(Boehringer Mannheim). Recovered proteins were subjected to
SDSyPAGE and immunoblotted with the anti-HA rabbit poly-
clonal antibody (Babco, Richmond, CA).

Results
Expression and Signaling of V2R and V2R(R137H) in HEK-293 Cells. The
whole cell binding data in Fig. 1A indicate that the V2R and
V2R(R137H) have the same affinity for AVP. In contrast, the
Scatchard plot (Inset) suggests that plasma membrane

Fig. 1. Expression and adenylyl cyclase stimulation of V2R and V2R(R137H)
in HEK-293 cells. Cells transiently transfected with cDNA for V2R (■) or
V2R(R137H) (h) were exposed to varying concentrations of [3H]AVP. (A)
Scatchard analysis (Inset) indicates the receptors have similar affinity for AVP
[V2R, 16 6 6 nM; V2R(R137H), 15 6 3 nM]. V2R expression varied between 2.5
and 5 pmolymg of cell protein, with the plasma membrane expression of the
V2R(R137H) being approximately 1y12 of this (x intercept of Scatchard). The
data are representative of three experiments, with each point measured in
duplicate. (B) Fluorescence images of live unpermeabilized cells, labeled with
rhodamine-tagged mouse-monoclonal anti-HA antibodies, expressing the
V2R (Left) or the V2R(R137H) (Right). (C). cAMP measured in whole cells
stimulated for 15 min with concentrations of AVP between 0 and 250 nM.
cAMP accumulation is expressed as total counts of [3H]cAMPytotal uptake of
[3H]adenine per well of cells. Results are the mean 6 SD of three experiments.

Fig. 2. Fluorescence images of V2R-GFP and V2R(R137H)-GFP in HEK-293
cells. Cells expressing V2R-GFP (Upper) or V2R(R137H)-GFP (Lower) were
treated with vehicle or AVP for 30 min at 37°C. The agonist-mediated redis-
tribution of wild-type receptor (Upper) from the plasma membrane to endo-
cytic vesicles contrasts with the agonist-independent localization of the
V2R(R137H)-GFP in endosomes (Lower). Bar 5 25 mM.

94 u www.pnas.org Barak et al.



V2R(R137H) expression is much lower. This finding is con-
firmed by comparing the amount of fluorescence originating
from HA-tagged V2R (Fig. 1B, Left) and V2R(R137H) (Right)
at the surface of live, unpermeabilized cells labeled with anti-HA
antibody. Fig. 1C shows the amount of whole cell, AVP-
stimulated (0–250 nM) cAMP production in cells transfected
with V2R or V2R(R137H). Essentially, no adenylyl cyclase
activity above basal is observed in the V2R(R137H) transfected
cells. These data seemingly indicate, as do earlier studies (18, 20),
that the V2R(R137H) NDI phenotype perhaps arises from an
inability of the receptor to activate G protein.

Distribution and Trafficking of V2R and V2R(R137H) in Response to
AVP. Many GPCRs express mutations that uncouple the recep-
tors from G proteins without affecting receptor expression at the
plasma membrane (20, 24, 25). Even though plasma membrane
expression of the V2R(R137H) is relatively low, its intracellular
complement in the absence of agonist is relatively abundant (20).
Thus, the R137H mutation may also affect the trafficking
mechanisms that determine receptor localization (16). To study
V2R and V2R(R137H) trafficking in HEK-293 cells, we used a
strategy using V2R- or V2R(R137H)-GFP chimeras (23, 26).
Fig. 2 demonstrates that in the absence of agonist, V2R-GFP
fluorescence originates predominantly from the plasma mem-
brane (Upper Left). The addition of 100 nM AVP produces a loss
of membrane fluorescence and a redistribution of V2R to
endocytic vesicles (Upper Right) in a manner similar to wild-type
V2R (11). Vesicles can be observed in either the cytosol or in the
perinuclear region (27), depending on the time after agonist
addition or the position of the confocal slice through the cell. In
contrast, the majority of V2R(R137H)-GFP is cytosolic and

vesicular (Lower Left) in the absence of agonist, and exposure to
100 nM AVP for 30 min does not appreciably alter
V2R(R137H)-GFP distribution (Lower Right).

Distribution and Trafficking of barrestin in HEK-293 Cells Expressing
V2R or V2R(R137H) in Response to AVP. AVP-mediated endocytosis
of the V2R in HEK-293 cells has been demonstrated to require
barrestins (11). The observed vesicular localization of the
V2R(R137H)-GFP in the absence or presence of AVP is char-
acteristic of barrestin-mediated endocytosis and suggests that
the V2R(R137H) may bind barrestin sufficiently well without
agonist to promote its own internalization. To examine the
interaction of barrestin with the V2R(R137H) in live HEK-293
cells, we transfected either the V2R or V2R(R137H) and a
barrestin2-GFP fusion protein (5, 11). When barrestin2-GFP is

Fig. 3. Fluorescence images of the association between barrestin2-GFP and
V2R or V2R(R137H) in HEK-293 cells. Left shows the agonist-independent
distribution of barrestin2-GFP in living cells expressing the V2R (Upper) or
V2R(R137H) (Lower). Without agonist treatment, barrestin2-GFP is cytosolic in
cells containing wild-type V2R (Left Upper), but in cells containing the
V2R(R137H) (Left Lower) it is also in endocytic vesicles. Following 30 min of
exposure to 100 nM AVP (Right), barrestin-GFP is localized on endocytic
vesicles with both receptor subtypes.

Fig. 4. barrestin2 association with and phosphorylation of V2R and
V2R(R137H) in HEK-293 cells. (A) Dynamin(K44A) was expressed with barres-
tin2-GFP and either V2R or V2R(R137H). Exposure of V2R to AVP (100 nM)
(Upper Right) resulted in appreciable barrestin2-GFP translocation that re-
mains visible at 30 min as a punctate distribution at the cell membrane rather
than as a vesicular distribution inside the cell. In the absence of agonist,
the cells containing dynamin(K44A) and V2R(R137H) (Lower Left) also show
barrestin2-GFP fluorescence distributed in punctate areas at the plasma mem-
brane. A similar pattern was apparent even in the presence of agonist (Lower
Right). (B) Left shows receptors that were immunoprecipitated with a mouse
anti-HA antibody and blotted with a rabbit anti-HA antibody. The faint
50-kDa band present in all six lanes is cross-reactive mouse Ig heavy chain.
Right shows depicts receptors that were assayed for phosphorylation as
described in Experimental Procedures. Equal amounts of receptor (40 fmol)
were loaded into each lane. The arrows mark the positions of the receptor
species migrating at approximately 70, 50, and 40 kDa as revealed by anti-HA
antibody. Results are representative of three experiments.
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expressed with the V2R in the absence of agonist, the fluores-
cence is cytosolic and homogeneous (Fig. 3 Upper Left). Addition
of AVP results in the translocation of barrestin to plasma
membrane V2R (11), the subsequent AP2-directed clustering
of the barrestin–receptor complex in clathrin-coated vesicles
(28–30), and internalization of the barrestin–receptor complex
into endosomes (11). The appearance of barrestin2-GFP in
endosomes following AVP treatment is indicated by the vesicular
distribution of GFP fluorescence shown in Fig. 3 (Upper Right
and Inset). In contrast to our findings for the V2R, barrestin2-
GFP is distributed in endosomes in cells expressing the
V2R(R137H) independent of agonist (Fig. 3 Lower). The local-
ization of barrestin-GFP in endocytic vesicles (Insets) suggests
that the intracellular V2R(R137H) population may arise
from plasma membrane receptors through a barrestin-directed
process.

Inhibition of Internalization of V2R or V2R(R137H)–barrestin Complex
in the Presence of Dominant Negative Dynamin. The cytosolic
protein dynamin is required for the separation of clathrin-coated
vesicles from the plasma membrane, and overexpression of the
dynamin(K44A) variant, which competitively inhibits clathrin-
coated vesicle dissociation, has been used to assess clathrin-
mediated GPCR internalization (7). In HEK-293 cells in the
absence of agonist, the expression of dynamin(K44A) with the
V2R did not significantly change the homogeneous cytosolic
distribution of barrestin-GFP (Fig. 4A, Upper Left). In contrast,
after 30 min of AVP treatment, barrestin-GFP remained at the
plasma membrane in a punctate distribution and did not traffic
into endocytic vesicles (compare Fig. 4A, Upper Right, and Fig.
3). In the absence of agonist, the simultaneous expression of
dynamin(K44A) and V2R(R137H) produced a plasma mem-
brane distribution of barrestin2-GFP (Fig. 4A, Lower Left)
similar to the barrestin2-GFP distribution observed for the V2R
in the presence of agonist (Fig. 4A, Upper Right). AVP addition
did not appreciably change the plasma membrane distribution of
barrestin2-GFP (Fig. 4A, Lower Right); however, barrestin2–
GFP-coated vesicles did become apparent in some cells. The
ability of dynamin(K44A) to redistribute the complement of
cytosolic barrestin2-GFP to the plasma membrane in cells
expressing the V2R(R137H) suggests that the intracellular mu-

tant V2R(R137H), which is associated with barrestin (Fig. 3
Lower), can traffic to the plasma membrane and that the
spontaneous association of barrestin with the recep-
tor in the absence of agonist is sufficient to induce receptor
internalization.

Constitutive Phosphorylation of V2R(R137H). The affinity between
many GPCRs and barrestin is regulated by GRK phosphoryla-
tion. Therefore, we examined the phosphorylation states of the
V2R and V2R(R137H). Western blot analysis of immunopre-
cipitated V2R revealed three major species of this receptor
migrating at approximately 70, 50, and 40 kDa (Fig. 4B, Left,
arrows). The amount of basal phosphorylation observed for each
V2R species was minimal, and only the 50-kDa form was
phosphorylated in response to agonist (Fig. 4B, Right). Western
blot analysis of immunoprecipitated V2R(R137H) revealed
forms of this receptor migrating at approximately 70 and 40 kDa
(Fig. 4B, Left) that were sensitive to digestion by Endoglycosi-
dase H and PNGase A (data not shown), most probably repre-
senting immature glycosylated forms of the receptor (31, 32).
Each of these forms of the V2R(R137H) was constitutively
phosphorylated (Fig. 4B, Right). Although a 50-kDa species of
the V2R(R137H) was not detected on the Western blot, the
more sensitive phosphorylation assay revealed a small amount of
agonist-mediated phosphorylation to this form of the receptor
(Fig. 4B, Right, middle arrow), which is most probably membrane
associated (31, 32). Moreover, the 50-kDa form of the
V2R(R137H) was also phosphorylated in the absence of agonist,
consistent with previous observations (19). Therefore, it appears
that the abnormal phenotypic behavior of the V2R(R137H) may
primarily reflect the constitutive association of barrestin with a
phosphorylated receptor. Whether barrestin associates with the
immature phosphorylated form of the mutated receptor is
difficult to determine. However, the fact that barrestin-GFP
redistributes to the plasma membrane (as shown in Fig. 4) in the
presence of the mutant dynamin suggests that barrestin can bind
preferentially forms of V2R capable of cellular trafficking.

Reversal of V2R(R137H) Phenotype and barrestin Affinity. An in-
creased receptor affinity for arrestins in the absence of agonist
could mask the ability of the V2R(R137H) to couple normally

Fig. 5. Expression of V2R, V2R(R137H,Ala6), and V2R(R137H,T362) in HEK-293 cells. (A) Plasma membrane receptors were labeled with rhodamine-tagged
mouse-monoclonal anti-HA antibody. The upper panels show receptor distribution in the absence of agonist. The lower panels show cells that were labeled with
antibody before treatment with 100 nM AVP for 30 min at 37°C. (B) Plasma membrane receptor expression measured by [3H]AVP was normalized to wild-type
V2R plasma membrane expression (approximately 5 pmol/mg). Data are expressed as the mean 6 SD from three independent experiments.
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to G protein and stimulate cAMP. Since arrestins both desen-
sitize GPCRs and promote their internalization, interventions
that decrease arrestin affinity for the V2R(R137H) should
reestablish a more typical receptor phenotype. We have
recently demonstrated using alanine substitution and C-tail
truncation mutants of the wild-type V2R [the V2R(Ala6) and
V2R(T362), respectively] that a single cluster of three serine
residues in the tail of the V2R can substantially decrease the
receptor’s ability to bind barrestin (11). Analogous mutants
were constructed for the V2R(R137H), V2R(R137H,Ala6),
and V2R(R137H,T362), with the anticipation that a decreased
barrestin affinity would normalize the receptor localization at
the plasma membrane and correct its ability to stimulate
adenylyl cyclase. Fig. 5A, Upper, shows that on live, unperme-
abilized cells the HA-tagged V2R, V2R(R137H,Ala6), and
V2R(R137H,T362) are easily observable at the plasma mem-
brane by rhodamine f luorescence in the absence of agonist.
The result contrasts with findings demonstrating relatively
little antibody-labeled V2R(R137H) on the surface of unper-
meabilized cells (Fig. 1). Addition of AVP to cells containing
V2R, V2R(R137H,Ala6), and V2R(R137H,T362) results in
the loss of plasma membrane f luorescence and the appearance
of cytosolic f luorescence as a result of receptor endocytosis
(Fig. 5A, Lower). The return of the plasma membrane popu-
lation of V2R(R137H) tail mutants toward wild-type levels
was confirmed by the binding of AVP (Fig. 5B). Thus, this
suggests that the R137H mutation affects the steady-state
distribution of trafficked receptor but not the trafficking per se.

A direct demonstration that the V2R(R137H,Ala6) and
V2R(R137H,T362) receptor mutants have a lower affinity for
barrestin is provided in Fig. 6A using the barrestin2-GFP fusion
protein. In contrast to our findings for the V2R(R137H), the
V2R(R137H,Ala6) and V2R(R137H,T362) are not constitu-
tively associated with barrestin as indicated by the homogenous
distribution of barrestin2-GFP in the cytoplasm of cells in the
absence of hormone. Addition of AVP promotes barrestin2-
GFP redistribution to punctate areas at the plasma membrane
but not redistribution with the receptor into endocytic vesicles.
The inability of barrestin2-GFP to remain associated and traffic
with V2R in which the serine cluster has been removed has been
previously observed and reflects decreased receptor affinity for
arrestins (11).

The reduced ability of the V2R(R137H,Ala6) and
V2R(R137H,T362) to bind barrestins should improve their
ability to stimulate cAMP if abnormal barrestin-mediated de-
sensitization contributes to the V2R(R137H) phenotype. Fig. 6B
shows that the basal cAMP responses of all of the receptor
variants are similar. Consistent with findings made in COS-7
cells (20), we observed a small agonist-mediated increase in
cAMP over basal for the V2R(R137H). Mutation of the serine
cluster in the V2R(R137H) C-tail resulted in a 6-fold enhance-
ment in cAMP production of both the V2R(R137H,Ala6) and
V2R(R137H,T362) mutants (Fig. 6B). These data suggest that
the V2R(R137H) interacts with G protein, albeit less well than
the wild-type V2R, and that its strong affinity for arrestin
markedly inhibits this interaction.

Discussion
The pharmacological regulation of GPCR signal transduction by
agonists, central to the treatment of many diseases, typically
induces receptor desensitization. We observed that in the ab-
sence of agonist a naturally occurring, apparent ‘‘loss of func-
tion’’ V2R(R137H) mutant is phosphorylated, associated with
barrestin, and sequestered in intracellular vesicles; i.e., behaves
as a constitutively desensitized receptor. These data provide a
molecular basis for explaining the previous observations describ-
ing the uncoupling and agonist-independent internalization of
this mutated receptor (18–20). Therefore, constitutive arrestin-

mediated desensitization of GPCR signaling may represent an
underlying and potentially unrecognized cause of loss of function
mutations in GPCR-associated disorders.

GPCRs normally resensitize after dissociating from arrestins,
and the distribution and number of GRK phosphorylation sites
found in the GPCR tails are major determinants regulating
arrestin trafficking behavior (11, 12). The GPCRs that form

Fig. 6. barrestin2-GFP translocation and adenylyl cyclase response of V2R,
V2R(R137H,Ala6), and V2R(R137H,T362) in HEK-293 cells. (A) In the absence of
agonist (Left), GFP fluorescence is cytosolic. Following exposure of the cells to
100 nM AVP for 30 min at 37°C, GFP fluorescence redistributes to punctate
areas of plasma membrane (Right). (B) Cells were treated with vehicle or 2.5
mM AVP for 15 min, and whole cell cAMP was determined as described in
Experimental Procedures. The absolute basal and stimulated cAMP responses
were presented in units of (counts of [3H]cAMP per min per well)y(counts of
[3H]adenine uptake per minute per well) and were mock (0.019 6 0.009,
0.017 6 0.006, n 5 3); V2R(R137H) (0.018 6 0.0045, 0.040 6 0.008, n 5 4);
V2R(R137H,Ala6) (0.020 6 0.0017, 0.23 6 0.040, n 5 4); V2R(Ala6) (0.017 6
0.0006, 1.3 6 0.31, n 5 3); V2R(R137H,T362) (0.022 6 0.0056, 0.22 6 0.070, n 5
4); V2R(T362) (0.015 6 0.0021, 1.3 6 0.34, n 5 3); and V2R (0.021 6 0.0024, 1.4 6
0.19, n 5 4). Data are expressed as the mean 6 SD of three to four separate
experiments.
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stable complexes with arrestins and that internalize together
with them in endocytic vesicles commonly contain sequence
motifs that can be efficiently phosphorylated (11, 13). In par-
ticular, the V2R contains a triplet serine (S359–361) whose
removal impairs its association with arrestin and accelerates its
resensitization (11). Removal of this triplet serine from the
V2R(R137H) better enabled its Ala6 and T362 variants to
activate second messenger and express at the plasma membrane.
This suggests that the inability of plasma membrane-associated
V2R(R137H) to activate G proteins in HEK-293 cells may be
due in large part to a ligand-independent desensitization rather
than an exclusive inability to activate G proteins.

The R137H mutation in the V2R DRH motif apparently
disrupts the balance between desensitization and signaling to an
extent that cannot be compensated in vivo. In contrast, other
mutations affecting both processes might produce dissimilar or
less extreme phenotypes. For example, the a1B-adrenergic
receptor (aAR) belongs to a class of GPCRs that exhibit
comparatively less cellular affinity than the V2R for arrestin,
releasing it shortly after internalizing in clathrin-coated vesicles
(11). In HEK-293 cells, the mutant aAR(A293E) binds barrestin
in the absence of agonist, but not well enough to prevent
signaling (33). Rhodposin(K296E), isolated from a family with

early onset retinitis pigmentosa (34), constitutively activates
transducin in vitro (35). However, in mice the same mutant
rhodopsin constitutively binds visual arrestin, does not signal,
and results in retinal degeneration (34). Thus, the extent to which
a given mutation affects receptor signal transduction depends
upon the degree to which the mechanisms that generate and
desensitize the signal are each affected.

Advances in the characterization of the cell biology of GPCR,
GRK, and arrestin behavior should lead to other examples of
abnormal desensitization producing receptor-related disease. For
instance, elevated GRK expression has been associated with con-
gestive heart failure and hypertension (36, 37), but a relationship
between GRK expression and abnormal arrestin-mediated desen-
sitization in these illnesses remains undetermined. Our study,
indicating that inappropriate arrestin-mediated receptor desensiti-
zation may provide the etiology of a naturally occurring disease,
suggests that molecular determinants of desensitization can be
useful pharmacological targets.
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